Abstract Testosterone and estradiol levels were measured by saliva assays in 15 young men, and their relationships with different processes in a mental rotation task were elucidated. The estradiol level was positively correlated with reaction time; this effect was yielded by the slope of functions relating performance to angular disparity. These findings suggest that estrogen may inhibit the performance of a mental rotation task by affecting perception of the rotation process.
Introduction
In humans, gonadal steroid hormones have been implicated as important mediators of sex-dimorphisms in cognitive ability as well as in structural brain organization (Kikuchi, 1998) . Androgen has been assumed to enhance spatial ability, because men typically outperform women in spatial tasks (Vandenberg and Kuse, 1978; Livesey and Intili, 1996) . However, controversial relationships between testosterone and spatial ability have hitherto been documented; better performance in a spatial task has been associated with a higher testosterone level (Silverman et al., 1999; Liben et al., 2002) , while high testosterone levels were not necessarily correlated with better performance in other studies (Kimura and Hampson, 1994; Neave et al., 1999; Wolf and Kirschbaum, 2002) .
The performance of spatial tasks documented in earlier studies may not accurately reflect spatial ability, because the tasks involved several distinct cognitive processes (Sternberg, 1969; Karadi et al., 2001) . A common index of spatial ability has been performance on a mental rotation task that uses depiction of three-dimensional figures designed by Shepard and Metzler (1971) . In this task, a pair of three-dimensional objects is presented, usually at various orientations. Half of the pairs have identical shapes, and the other half are different (one of the pairs consists of mirror images). Subjects are required to decide, as quickly and accurately as possible, whether the pairs are of matching or different objects. The reaction time often indicates a strong positive relation with the degree of angular disparity between the objects (Shepard and Metzler, 1971) . Karadi et al. (2001) distinguished the following subprocesses during the mental rotation task: (a) mental representation of an object, (b) rotation of the object, (c) comparing the two objects, (d) determination of the identity of the two objects, and (e) motor response. To isolate measures of mental rotation ability (step "b" above) from other abilities involved in the task, Hooven et al. (2004) separated the slope and intercept of the function relating performance to angular disparity for the reaction time and error rate. Following this study, testosterone level was not associated with the slope of function for the reaction time and error rate, while a higher testosterone level was associated with a faster mean reaction time and a lower mean error rate. These findings suggest that testosterone may facilitate performance related to non-rotation function on a mental rotation task. The study indicated also the availability of this technique for measuring mental rotation ability.
Some research indicates that estrogen may have an impact on performance in a mental rotation task. When Janowsky et al. (1994) evaluated spatial ability in healthy elderly males treated with T or a placebo, a higher spatial ability in the former was established compared with the latter and the Ttreated group showed decreased estradiol levels. Furthermore, women at the low estrogen phase in the menstrual cycle outperformed those at the high estrogen phase on a mental rotation task (Hausmann et al., 2000) . To our knowledge, research on the impact of estrogen on mental rotation ability in men has not been published. Thus, in our present study we measured mental rotation task performance and testosterone and estradiol levels, and we correlated their relationships in men. We also addressed an individual variation of cognitive ability that may suggest physiological polymorphism of human brain functions.
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The strategies of subject response might also have contributed to the inconsistent findings in correlations between testosterone level and mental rotation task performance. Error trials have been reported to be associated with faster responses than correct trials in a simple discrimination task (Dikman and Allen, 2000) . The faster responses on error trials may be caused by impulsive responding. For example, if a subject tried to respond very fast albeit incorrectly on a mental rotation task, the spatial ability of this subject might not be reflected in the reaction time; if a subject tried to respond correctly albeit very slow, the spatial ability might not be reflected in the error rate. To control the subject strategy, we designated the error rate as the norm in the mental rotation task.
Method

Subjects
Right-handed men (nϭ15) with an age-range of 21-26 years participated in the study with written consent. The hand preference was assessed by a 13-item handedness questionnaire (Chapman and Chapman, 1987) .
Spatial ability assessments based on a mental rotation task
Spatial ability was assessed by a three-dimensional mental rotation task ( Fig. 1 ), which was a modified version of the Shepard & Metzler mental rotation task (Shepard and Metzler, 1971) . Each trial began with the presentation of the "Next" click-on button on the monitor. The subject was required to click the button with a computer-attached mouse, whereupon it disappeared. Two figures were displayed on a computer monitor simultaneously 2000-3000 ms after the disappearance of the button, at which point a timer was started. One of the two figures was rotated about a vertical axis, and the other figure was rotated in the plane of the drawings. The angular differences between the two figures varied from 0°to 180°at 20°rotation intervals. The subject was asked to click a "Valid" button on the monitor with the mouse as soon as he determined that the two drawings portrayed objects that were congruent with reference to a three-dimensional shape and to click an "Invalid" button as soon as he determined that the two drawings depicted objects of different three-dimensional shapes. The button-clicking response terminated the timer and clocked the reaction time. The subject performed 60 trials of the task; the stimuli represented identical objects in 40 trials (the valid trials) and an object plus its mirror image in the remaining 20 trials (the invalid trials). Trials of validity and angular differences were randomized for each task performed.
Hormone assays
Saliva steroids are generally considered to represent the biologically active fraction (free fraction) in serum concentrations (Vining et al., 1983; Wang et al., 1981) . Saliva testosterone concentration correlates highly with free testosterone concentration in serum (Granger et al., 1999) . Correlation between saliva and serum estradiol has been obtained (Worthman et al., 1990) , albeit serum-saliva correlations for estradiol seem lower than for other steroids.
Saliva samples taken with a salivette (Assist Company Limited, Tokyo, Japan) were centrifuged at 1930 g for 15 min at 10°C and thereafter frozen at Ϫ30°C until assay. Testosterone (DRG Instruments GmbH, Marburg, Germany) and estradiol (American Laboratory Products Company, Windham, USA) levels of samples were analyzed in duplicate with commercially available enzyme-immunoassay (EIA) kits, and mean values of the duplicate analyses were employed for elucidation. The plates were coated with anti-testosterone antiserum for testosterone and with anti-estradiol IgG for estradiol. The enzyme conjugates for testosterone and estradiol were tagged with horseradish peroxidase. Sensitivities of kits were 6 pg/ml for testosterone and 2 pg/ml for estradiol. The intra-assay variations were 6.7% for testosterone and 3.4% for estradiol. The inter-assay variations were 7.6% for testosterone and 5.9% for estradiol.
Procedures
All subjects participated in the three-day study without any dropouts. As a means of experimental acclimatization, day 0 was employed and defined as the "acclimatization day". On experimental days, the mental rotation task was performed in the afternoon (14 : 00-17 : 00 h). The task was separated into two-block trials, with each block consisting of 30 trials. For each block trial, if the error rate of the response in figurediscrimination exceeded 15%, the block trial was repeated (a norm). Subjects were allowed to have a break before the trials, since each trial was begun with subjects pressing the "Next" Fig. 1 Three-dimensional mental rotation task. In each trial, the subject was required to press the "Next" click-on button (A), whereupon the button disappeared (B). Two figures were displayed 2000-3000 ms after the disappearance of the button (C).
click-on button Subjects were also instructed to concentrate on each trial. Saliva samples were taken after completion of the mental rotation task.
Data analysis
Because testosterone and estradiol values in our samples were positively skewed, these values were log transformed. Reaction times in error trials and outlier trials were omitted from data analysis: an outlier was defined as the time exceeding (the meanϩ2ϫS.D.) of two trials on each day. The mean reaction times and error rate of each subject were computed on each day (the composite). We performed linear contrasts on the error rate and reaction time scores with rotation angles of each subject before computing the slope and intercept functions on the error rate and reaction time for each subject.
Results
Based on the daily mean values of error rate and reaction time (Table 1) , the Pearson's correlation coefficients (reliabilities) were significant in all of the variables of reaction time (composite, rϭ0.95, pϽ0.001; slope, rϭ0.87, pϽ0.001; intercept, rϭ0.82, pϽ0.001) , though there were no significant coefficients in any of the variables of error rate (composite, rϭ0.40, pϾ0.05; slope, rϭ0.20, pϾ0.05; intercept, rϭ0.31, pϾ0.05) . For the mean values of reaction time, there were significant differences in the composite (day 1, 2114Ϯ467 ms; day 2, 2004Ϯ441 ms; t(14)ϭ2.26, pϽ0.05) and in the intercept (day 1, 1486Ϯ297 ms; day 2, 1352Ϯ328 ms; t (14) With reference to the Pearson's correlation coefficients relating to hormone levels and reaction time during the mental rotation task (Table 2) , estradiol indicated significant correlations with composites of the reaction time on the respective days ( Fig. 2; day 1 , rϭ0.55, pϽ0.05; day 2, rϭ0.51, pϽ0.05) . Estradiol also related positively and significantly with the slope in the reaction time, indicating that men with high estradiol levels show high increments in the reaction time to angular disparity (day 1, rϭ0.58, pϽ0.05; day 2, rϭ0.48, pϽ0.05). There were no significant correlations between testosterone and reaction times on either day.
Discussion
In this study, we set the norm on the mental rotation task for controlling the subject strategy; viz., reaction time values were highly reliable while error rate values were non-reliable. The reaction time reliability in our study was higher than that derived in an earlier study (Hooven et al., 2004) , in which the authors did not set the norm in the mental rotation task. The high reliability of the reaction time suggests also that the subjects sustained their attention during the task. Furthermore, the composite in reaction time showed significant differences between days 1 and 2, while differences in error rate were not significant. The faster response on day 2 was probably facilitated by the acclimatization (or habituation) effect on the non-rotation process, because a faster intercept of the error rate was found on day 2. These findings suggest that the spatial ability of the subjects was adequately reflected in the reaction time by the norm (error rate exceeding 85%) in our mental rotation task. Thus, it would be worthwhile to discuss the correlation between the hormone level and reaction time.
Men's higher testosterone levels have been assumed to enhance their ability in mental rotation tasks. In our present study, there was no relationship between testosterone and the slope of rotation functions in a mental rotation task, supporting the results of an earlier study (Hooven et al., 2004) . Interestingly, our findings showed that higher estradiol levels were associated with slower reaction times. Estradiol was also correlated with the slope of rotation functions, but not with the intercept. These correlations were significant on both days, although our sample size was small. They suggest that estradiol may have a negative influence on the ability in men to perform mental roation tasks. McGlone (1980) and Gur et al. (2000) have hypothesized that men and women would show activation in the parietal areas during performance on spatial tasks, with men's better performance relating to more bilateral activation. Following the theory, estrogen may have an impact on hemispheric dominance that eventually relates to performance on a mental rotation task. However, there have been some inconsistent findings that support the theory (Dietrich et al., 2001; Halari et al., 2006) . Further research should address how estrogen relates to performance on mental rotation tasks. The study by Hooven et al. (2004) found that testosterone was correlated with the intercept of rotation functions on a mental rotation task, suggesting the impact of testosterone on a non-rotation process. However, our findings showed no correlations relating testosterone to the intercept of reaction time. The inconsistency of testosterone/intercept relationships may have been caused by the response to novel stimuli. A high testosterone level may facilitate the exploration of unfamiliar stimuli (Cornwell-Jones and Kovanic, 1981). The authors of a previous study (Hooven et al., 2004) found that testosterone was associated with reaction time only on day 1, but not on day 2. In our study, the data on the first day was excluded as the "acclimatization day", and that of the second day was analyzed as "day 1" data. A high testosterone level may thus facilitate the subject's response when unfamiliar stimuli are involved. The norm on the mental rotation task in the study of Hooven et al. may also be the reason for the lack of correlations between testosterone and the intercept. Testosterone has been reported to have a positive correlation with a sensation-seeking score (Gerra et al., 1999) ; sensation seeking is a personal aspect of the willingness to take risks (Zuckerman, 1996) . The norm on our mental rotation task may have repressed risk-taking in high-T subjects.
Our findings provide novel evidence that the rotation process might be correlated with estrogen levels. However, factors other than estrogen also may influence performance on a mental rotation task, because the correlation coefficient between estradiol and the slope was not high (though it was significant) in the present study. The subjects with a lower estradiol level may have a higher dihydrotestosterone (DHT) level, since DHT, an androgen, has been known to inhibit aromatization to estradiol (Selmanoff et al., 1977) . The supplementation of DHT has been observed to improve spatial 22 Relationships between Estradiol and Mental Rotation memory (Cherrier et al., 2003) . On the other hand, mental rotation task performance has been reported to be associated with psychosocial factors, e.g., computer game playing (De Lisi and Wolford, 2002) and spatial experience such as in athletic activities (Ginn and Pickens, 2005) and academic performance (Peters et al., 2006) . Additional studies are warranted to clarify the factors related to spatial ability in humans.
